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A BRIEF EVALUATION OF HELICOPTER WAKE AS A
POTENTIAL OPERATIONAL HAZARD TO AIRCRAFT

By Andrew B. Connor and Thomas C. O'Bryan
SUMMARY

A number of incidents of encounters with severe turbulence occurring
in the general vicinity of operating helicopters have been reported by
pilots, specifically in airport traffic situations. 1In relation to this
problem flight tests were conducted with an airplane and a single-rotor
helicopter to determine some characteristics of the helicopter wake and
its possible upsetting tendencies on an airplane. A sample procedure
for estimating important weke characteristics is also included.

Flight tests with the airplane and helicopter have shown that heli-
copter wake presents a potential hazard to aircraeft operating near the
wake. Suggested operating precautions to minimize the hazard potential
of a helicopter wake include reminding pilots of aircraft following a
helicopter to remain above the helicopter flight path and, if in doubt
about relative positions, to extend the separation interval between air-
craft. An exact time interval was not determined, but a separation
estimated to be about 1 minute appears to be a reasonable time with most
of the present generation helicopters.

INTRODUCTION

A number of incidents of encounters with severe turbulence occurring
in the general vicinity of operating helicopters have been reported by
pilots, specifically in airport traffic situations. Although the reported
turbulence could not positively be attributed to the helicopters, the
reporting pilots suspected the helicopter wake to be its source.

Operational problems related to fixed-wing alrcraft wake and its
effects on other aircraft have received considerable attention both
experimentally and analytically as, for example, references 1 and 2.

The average velocity and the total energy of the downwash in a helicopter
wake are similar to those for an airplane of the same welght and span
and flying at the same airspeed. The differences in local velocities



for the helicopter and airplane, however, are sufficlent to warrant
some separate study of the helicopter. Also, the helicopter downwash
velocities do not increase, as hovering 1s approached, to the extent
which could be inferred if an airplane of the same weight and span were
considered to be operating at speeds approaching hovering.

A theoretical analysis of helicopter rotor downwash with wind-
tunnel verification is presented in reference 3. Reference 3 also
describes the wake downstream from the rotor in terms of downwash con-
tour gradients but does not relate its results specifically to the oper-
ational problem of helicopter wake as a potential hazard to aircraft.

This paper will discuss some characteristics of the wake of a heli-
copter and illustrate the possible upsetting tendencies on an aircraft
some distance behind the helicopter. Actual flight tests were performed
in which an airplane penetrated a helicopter wake at flight conditions
selected to be typical iIn airport traffic situations. Also, a simple
method for calculating downwash velocity in hovering and the intensity
and deflection angle of the wake of a helicopter in forward flight will
be illustrated.

SYMBOLS
C thrust coefficient, ——5:2——75
Rp(QR)
R rotor radius, ft
T thrust, 1b
\' velocity, ft/sec
v local downwash veloclty, positive down, ft/sec
vy, hovering downwash velocity, positive down, ft/sec
Vo rotor induced velocity, poslitive down, ft/sec
9} rotor angular velocity, radians/sec
a rotor angle of attack, deg
Y distance parallel to lateral rotor-tip path plane axis, posi-

tive on advancing side of rotor, ft
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Z distance parallel to axis perpendicular to rotor-tip-path
plane, positive above rotor center, ft

V sin a - v

A induced-velocity ratio, R o
Day incremental accelerations in normal direction, g units
g acceleration due to gravity, ft/sec2
On wake deflection angle, measured downward from the horizontal,
deg
o density of air, standard, 0.002378, slug/ft5
WU tip-speed ratio, Y cos a
QR
—IE mathematical expression known as "disk-loading," comparable
nR to term "wing loading" on fixed-wing aircraft

TEST EQUIPMENT AND TEST PROCEDURE

The single-rotor helicopter shown in figure 1 was used to generate
the wake and the airplane shown in figure 2 was used to penetrate the
wake for this study. The principal dimensions and physical character-
istics of these aircraft are listed in tables I and II. Colored smoke
was streamed into the wake as an identification device. Figure 5 shows
one of the outrigger booms installed on the helicopter for carrylng as
many as 36 smoke grenades.

Recording instruments installed in the airplane were an accelerom-
eter to measure normal accelerations at the cenzer of gravity of the
airplane and a lateral control position transmitter to measure pilot
control inputs. All other in-flight variables, such as airspeed, alti-
tude, heading, and bank angle were indicated on the normal instrument
display of the airplane. No recording instruments were installed in the
helicopter, and in-flight variables were also indicated on the helicopter
instrument display.

In the penetration flight tests, the airplane was operated at
80 knots (and 10° flaps), and the helicopter at 40 knots. The helicopter
was held on a constant heading and altitude (4,000 feet). The wake pen-
etrations consisted of (a) converging penetrations where the airplane
gradually crossed through the helicopter wake from a course nearly paral-
lel to that of the helicopter, (b) descent through the wake on the same



heading as the helicopter, and (c) intersecting penetrations from a
course 90° to the helicopter heading. The first two types of penetra-
tion would more likely be encountered operationally where both the air-
plane and helicopter are directed over the same approach path.

In order to obtain an indication of wake drift over a flight path,
the helicopter was flown at an altitude of 150 feet and 50 knots on a
course 90° to the surface wind. The flight path and the approximate
wind course were staked out on the ground at 100-foot intervals with
appropriate markers. The movement of the smoke wake referenced to the
markers was then documented by continuous-recording, constant-speed
movie cameras.

RESULTS AND DISCUSSION

Flight-Test Results

Airplane penetrations into the helicopter wake.- The first type of
penetration test to be discussed is the converging type in which the
pilot applied corrective control to avoild lateral upset. The airplane
penetrated the wake approximately 1,000 feet behind the helicopter at
50, 100, and 200 feet below the helicopter flight path. The wake is
represented schematically in figure 4 to illustrate in general the flow
field the airplane encountered during a penetration.

Time histories of normal accelerations and of the pilot control
inputs during these penetrations are shown in figure 5. The penetration
from 50 feet below the helicopter flight path (fig. 5(a)) required only
minor corrective action. The next case (fig. 5(b)), from 100 feet below
the flight path, was more severe. The penetration at 200 feet below the
flight path (fig. 5(c)) required extreme corrective action. In the lat-
ter case the pilot was required to use about 90 percent of the total
available lateral control in less than a half second to malntain nearly
level flight. Calculations indicate that a control input of this magni-
tude in calm alr at the test flight conditions would result in a rate of
roll of approximately 360 per second.

Converging penetrations were also made during which the pilot held
the stick fixed and permitted the airplane to be upset. In one case at
about 1,000 feet behind the helicopter the airplane was upset to a roll
angle of about 40®°. 1In another penetration about 1,500 to 2,000 feet
behind the helicopter a 25° roll angle was noted. The altitude of the
airplane below the flight path of the helicopter was not recorded in
either of these cases.
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A landing-approach penetration was simulated by a descent at
250 feet per minute on course through the wake. The penetration was,
again, about 1,000 feet behind the helicopter. As the airplane entered
the wake, moderate but pronounced rolling occurred and the rate of
descent increased to 500 feet per minute.

No outstanding effects were noted during this investigation in the
perpendicular penetrations executed at various distances downstream from
the helicopter rotor. Normal acceleration increments at the airplane
center of gravity of *0.3g were recorded about 600 feet behind the heli-
copter. However, the results of reference 2 indicate that much larger
load factors are attainable from a wake of the intensity generated by
the test helicopter.

Wake drift.- Documentation of the wake drift under the influence
of moderate crosswinds was underteken in order to determine the hazard
potential of a helicopter laying down a wake over an approach path.
Figure 6 shows time-history plots of the wake drift during a 2-knot and
an 8-knot surface wind blowing from approximately 90o to the flight path.
In both cases the wake appeared to drift with the wind after initial
vortex expansion. Although crosswind drift was fairly well documented
in these tests, movement within the wake after some elapsed time was not
clear from the smoke tests. It is considered possible that the wake
velocities decay more rapidly after the wake fringes reach the ground,
but the test techniques gave no information on this point.

Wake Description

In the preceding section the qualitative effects of helicopter wake
on a fixed-wing airplane were described in terms of lateral upset encoun-
tered by the airplane. The upset is caused by the rotor-generated vor-
tices in the wake, a flow similar to that which occurs in the wake of
fixed-wing airplanes. In the airplane case, air rolls up around the
wing tip from the underside of the wing and forms a vortex core. The
wake picture is essentially the same for a helicopter rotor at some for-
ward velocity. (The velocity must be distinctly removed from hovering.)
The intensity of the wake is related to the vortex strength which depends
upon the energy the alrcraft imparts to the air; this, in turn, is a
function of the geometry and airspeed of the aircraft in question.

Wake Intensity
In order to obtain an estimate of the relative wake intensity the

rotor downwash velocity v, (ea. (A2a)) can be directly applied to
figure 7, which is a plot of the vortex velocity contours within the



wake. This figure, obtained from reference 3, shows the wake contours
at 3.14 rotor radii behind the rotor center as a ratio of the average
in-plane rotor velocity. The rotor wake has fully developed at this
stage. Thus to obtain the local velocity at any point in the wake,
multiply the value for v, by the number shown on the contour curves.

Figure 8 is an application of this technique. The downwash velocity vq

for 45 knots (to agree with the conditions selected for the figure in

ref. 3) was calculated and multiplied by the contour ratios along the
plane of the vortex cores. The direction and magnitude of the vortex
velocities from one side of the wake to the other as sources of airplane
upset are thus readily apparent. Notice, also, that the contour gradients
of figure 7 indicate upward direction with a negative sign in keeping
with rotor-theory sign convention.

When helicopters of increased size and weight are considered, if
the disk loading and alrspeed are kept the same, the wake will simply
become larger as the rotor becomes larger, with the same downwash veloc-
ities as for smaller helicopters. (Disk loading on the helicopter is
analogous to the ratlo of weight to span~-squared on an airplane.) Larger
helicopters commonly tend to have higher disk loading, however, and if
for this or any other reason the disk loading is increased, then at any
given airspeed the downwash velocity and thus the wake intensity will
increase. Specific cases may be examined by following the procedure
given in the appendix.

Pilot Comments

The penetration flight tests of this study were performed by a
research pilot accompanied by an observer. In the pilot's opinion,
crossing through the wake center can produce lateral upsets that would
be dangerous if occurring near the ground. The pilot further commented
that the limits of lateral control were slightly exceeded for the air-
plane used in these penetration tests. The test alrplane was a military
trainer which meets the roll control requirements of the military
handling qualities specifications. (See ref. 4.)

One of the observer's tasks was to measure with a stopwatch the
time interval from wake penetration until the airplane passed by the
helicopter in order to obtain distance estimates. Several attempts were
made to test the wake intensity at extended distances behind the heli-
copter. Comments from both the pilot and observer indicated that, when
the separation interval was on the order of a minute, the airplane
encountered only minor turbulence. However, neither the pilot nor
observer was sure whether the low intensity encountered at this interval
was due to wake dissipation or smoke dispersion either of which would
cause the wake location to be uncertain.
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Operating Precautions

In reviewing the flight-test results and the pilot commentary on
the flights, it is believed that operating precautions to minimize the
hazard potentlal of encounters with helicopter wake can be taken. It
is important to remember not to fly below the flight path of a leading
helicopter during an approach, and the following aircraft should remain
on or above the flight path of the leading helicopter. Should doubts
exist concerning the relative approach paths of & lead helicopter and
a following aircraft, the following aircraft would be advised to extend
the separation interval between them. An exact time interval was not
determined in these tests, but a separation of about 1 minute tentatively
appears to be a reasonable time with most of the present generation
helicopters.

Operators of the low-wing-loading, private-owner-type airplane should
probably observe the above suggested precautions with extra care.
Although no tests were performed with this type of airplane for this
study, it is believed that the wake would be a greater potential hazard
to this type of airplane than it was shown to be in these trials with
the test airplane.

CONCLUDING REMARKS

Limited flight tests of a fixed-wing airplane in the wake of a
single-rotor helicopter have shown that the helicopter wake is of suf-
ficient intensity to be a potential operational hazard, particularly in
regard to airport traffic situations. Although low-altitude penetration
tests were not performed, the hazard potential of the helicopter wake 1is
expected to be greater at low speeds and low altitudes such as in the
final approach to a landing. Also, helicopters with greater disk loadings
would produce wakes of greater intensity at a given speed, regardless of
their size, and larger helicopters with no increase in disk loading would
produce wakes enlarged only in size.

Suggested operating precautions to minimize the hazard potential
of a helicopter wake include reminding pilots of aircraft following a
helicopter to remain above the helicopter flight path, and, if in doubt
about position, to extend the time interval between aircraft. An exact
time interval was not determined, but a separation estimated to be about
1 minute is tentatively suggested as a reasonably safe interval with most
of the present generation helicopters.



Operators of the low-wing-loading, private-owner type of airplane
should probably observe the suggested precautions with extra care.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Air Force Base, Va., January 8, 1962.
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APPENDIX
CAICULATIONS OF WAKE INTENSITY
Downwash Calculations in Hovering
The helicopter wake is produced by the rotor downwash. Based on

momentum theory, the simplest equation for calculating the average down-
wash velocity is given in reference 5 for hovering flight as:

f T
Vh = 2 (Al)
2nR7p

T thrust or normal gross weight, 6,900 1b

W\

where

. R = 26.5 ft; thus =nR® = 2,207 sq ft

0.002378 at sea-level standard conditions

]

ol

Therefore,

L. 6,900 = 657 £t2/sec?
onRPp  (2)(2,207)(0.002378)

vp = Vgé7 £t2/sec?

vy, = 25.6 ft/sec

This equation yields the average induced velocity at the plane of
the hovering rotor. The slipstream contracts within half a rotor diam-
eter to half the rotor area, and the final downwash velocity becomes
twice the velocity in the rotor plane. The final downstream hovering
downwash velocity 1s then equal to 2vy or 51.2 feet per second.

Downwash Velocity in Forward Flight

K Average rotor downwash velocity at the rotor plane in forward flight
is obtained from reference 5,
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1
= CTQR
2

v = S (42)
A 4+ ue

which can be reduced to
VO = -—Te— (A2a)

2nR=pV

at forward speeds where 0.1 <p < 0.2 which is a range of 30 to 60 knots
for the test helicopter.

By using the flight-test speed of 40 knots in level flight as a
representative flight condition, equation (A2a) is solved thusly:

From equation (A1)

T
2nRp

= 657 ft2/sec?

At 40 knots,

V = 67.6 ft/sec
thus,

o - 697 £t8/sec?
© " 67.6 ft/sec

vo = 9.7 ft/sec

As in the hovering case, the average downwash velocity is twice the
in-plane rotor veloclty.

Graphic Solution

Reference 6 presents a graphic solution for the average induced
velocities and wake skew angles of VIOL-STOL ailrcraft. A broad range
of flight conditions 1s considered in reference 6, but the graph of
figure 9 uses only the level-flight condition.

First, calculate hovering vy by equation (Al); then divide vp
into the forward velocity V for the ratio V/vh. For the test heli-
copter at 40 knots
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v 616 _ 5
v, 25.6

locate the abscissa where g; = 2.64; read up on a straight line to the

curve on figure 9. On the left-hand side of the figure is %% = 0.38;
on the right-hand side 1s 8p = 7° or the angle of wake deflection.
Multiply %Q times v, to obtain v, which is 0.38 x 25.6 or

h

9.7 ft/sec. Notice that this value is the same as that obtained by
equation (A2a) at this particular forward speed for the particular test
helicopter. As a greater range in speed is considered, the precision of
equation (A2a) will diminish and use of the chart would be preferable.
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TABLE I.- PRINCIPAL DIMENSIONS AND APPROXIMATE

PHYSICAL CHARACTERISTICS OF TEST HELICOPTER

Gross wedght, 1D . + ¢« v v v v v 0w e e e e e e e e e e e e e 6,900
Number of blades . . « v ¢ v ¢ o o o o+ s 1 o e s e e e e e e 3
Rotor blade radius, ft « + « « « « + v « + v o o 4 v e e . 265
Flapping-hinge offset, ft . . e e e e e e e e e e e 0.75%
Weight of blades (approximate), lb/blade e e e e e e e e e 136
Main rotor blade:

TYPE « « « « o o o ¢ ¢ o o« + o o o« « » All metal, constant chord

TWwist, AEE + « « « + « & v o 4 e e e e e e e e e e e -8

Airfoil section . . « & ¢ ¢ i 0 e e e e e e e e e e e e NACA 0012
Blade chord, Tt « « ¢ « & v v« v v e e e e e e e e e e e e e 1. 368
Rotor solidity . . . P o I 0 ey
Approximate rotor-blade mass constant e e e e e e e e e e e e e 11
Rotor blade tip speed, ft/sec . . . « « « « . o o o 0. 538
Disk loading, lb/sq ft . . . . s T
Rotor angular velocity, radians/sec . . e e e e e e e s 20.3

Center of gravity, inches from reference datum
(reference datum 14%.5 in. forward of nose) . . . . « « « « . - 129.6
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TABLE II.- PRINCIPAL DIMENSIONS AND APPROXIMATE

PHYSICAL CHARACTERISTICS OF THE TEST AIRPLANE

[Two-place tricycle-gear military trainer}

Tength, Tt « v v v v v v e e e e e e e e e e e e e e e e e 32
Hedght, £t . . . . .+ ¢ ¢ v v« v o« v v e v e e e e e e e e e 13
Wing span, £t . . « « & . i e e e e e e e e e e e e e e e e Ly
Normal gross weight, 1b . . . . . . « « v v « = « « « + « « « « T,400
Wing loading, 1b/ft2 . . . . . . . . . 4 e e e e e e e e e 25
Take-off speed, knots . . . . . « « « ¢ ¢« ¢« « o v o 0 00 e . >
Final approach speed, knots ., . . e e e e e e e e e 100
Approximate stall speed (10° flaps), knots e e e e e e e e e 65

Installed horsepower . . . . . . e e e e e e e e e 800
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(a) Penetration from 1,000 feet behind the helicopter and 50 feet below

the helicopter flight path.

Figure 5.- Time-history plots of pilot's control response to prevent lat-~
eral upset of the test alrplane following penetration into the heli-
copter wake. Penetration was executed from a gradual crossover

course almost parallel to the helicopter course.

Helicopter indicated

airspeed, 40 knots; airplane indicated airspeed, 80 knots.
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(b) Penetration from 1,000 feet behind the helicopter and 100 feet below
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Figure 5.~ Continued.

1-1932



1~-1932

21

bay
£ units
[e]

Full right 50 — fﬁ
.

—

@

- >
—
(<1
[y
p
c—~
:: //ﬁ\/r\\\\
o 0 / TN
e
@
s [T
FEa)
3¢ \ /

[

R \\\“___/

\A
\
|
|
60 | i | | \ ] ) ' | |
Full left 50 1 - 3 M 5 5 7 a 9

Time, sec

(c) Penetration from 1,000 feet behind the helicopter and 200 feet below
the helicopter flight path.

Figure 5.- Concluded.
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Figure 6.- Plots of smoke-wake drift under the influence of moderate sur-
face cross winds. Helicopter indicated airspeed, 50 knots; altitude,
150 feet.
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Figure T7.- Wake cross section at 3.14% rotor radil downstream showing vor-
tex contours as ratios of v/vo. Plots obtained from figures 34(a)
and 36(a) of reference 3.
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